Background of research
The degradation factors considered in the evaluation of long-term soundness of structures in nuclear facilities are heat (high temperature), irradiation, carbonation, chloride penetration, alkali silica reaction, and machine vibration (AIJ 2015) . Since the degradation state due to machine vibration cannot be identified until cracks are visually identified as degradation phenomena, the soundness evaluation of the equipment support against machine vibration is seemed to be very rudimentary compared with the evaluation against other factors.
On the other hand, although the number of load cycles due to vibration equipment, such as turbines, is very high in the normal operation of a nuclear power plant, since the stress ratio acting as the cyclic load is very low, it is considered that the fatigue caused by machine vibration would never damage concrete.
In the cooperative research performed by electric industries for the common purpose, a method capable of evaluating soundness is investigated using S-N curves in the stage before cracks due to machine vibration can be visually confirmed. This paper reports the results of residual static strength tests of concrete cylinder specimens and headed stud anchor specimens conducted to obtain basic data for the purpose of establishing an evaluation method. In this paper, the equipment support means the reinforced concrete section with steel anchorage embedded for installing and holding equipment. A headed stud anchor was selected as steel anchorage because a large volume of its experimental data is available.
Plain concrete specimens undergo changes of material properties with increasing number of load cycles. Plain concrete specimens exhibit increases in residual compressive strength and stiffness after cyclic loading. As the number of load cycles is getting closed to fatigue life, the residual strength and stiffness are decreased and become less than those without cyclic loadings. Bennett and Muir (1967) measured the residual strength after cyclic loadings of the plain concrete using 8×3×3 inch prism specimens with compressive strength of 40MPa to 64MPa. The tests were performed only on the 11 specimens which survived one million load cycles with speed of 4Hz to 8Hz at the maximum stress ratios of 0.67 and the minimum ratios varying 0.15 and 0.2 of the of static strength of prism specimens without cyclic loadings. The increase in the residual strength varied between 1% and 23% with average of 11%. Awad and Hilsdorf (1974) performed fatigue tests and creep tests using the 12×4×4 inch prism specimens with compressive strength of 28MPa. The maximum stress ratios were quite high at 0.90 and 0.95 of the static strength without cyclic loadings. There was an increase of 5% in the residual strength after cyclic loading or sus-tained loading with the maximum stress ratio of 0.9 at life ratio of 0.3 which means at 30% cycles of fatigue life or 30% of duration to cause the creep failure. Ballatore and Bocca (1997) measured the residual strength after cyclic loadings using the plain concrete core specimens of 45.5 mm diameter and 140 mm long with compressive strength of 19MPa and 59MPa. The maximum stress ratios were at 0.1 and 0.2 and the minimum ratio was 0.02 of the static strength without cyclic loadings. The cyclic loadings of at most 7200 cycles were applied with loading speed of 1Hz. The increases in the residual strength and stiffness were 0.11 and 0.87 respectively for concrete with 19MPa and were 0.14 and 0.22 respectively for concrete with 59MPa. Bocca and Crotti (2003) measured the residual strength after cyclic loadings using the plain concrete core specimens of 60 mm diameter and 120 mm long with compressive strength of 24MPa, which were similar tests performed by Ballatore and Bocca (1997) . The maximum stress ratios were at 0.2, 0.6 and 0.8 of the static strength without cyclic loadings. The cyclic loadings of 3600 cycles were applied with loading speed of 1Hz. The increases in the residual strength and stiffness were 5% and 6% respectively for the maximum stress ratio of 0.2, were 7.6% and 36% respectively for the maximum stress ratio of 0.6, and were 11.4% and 36.1% respectively for the maximum stress ratio of 0.8. Ballatore and Bocca (1997) stated that dynamic loading reduces pore space to improve material compaction and strain hardening takes place all the same time as is reflected in an increase in strength and stiffness after cyclic loadings. Bocca and Crotti (2003) stated that the test pieces subjected to preloading yielded more homogenous results, with a reduction in standard deviation, compared to non-preloaded test pieces probably because of a decrease in the stress peaks occurring in the material and a redistribution of stresses due to cyclic load induced creep.
For the headed stud anchor, only one datum of the residual tensile strength after cyclic loadings was found in Matsuzaki, et al. (1981) . With the stud diameter of 19 mm, embedded depth of 80 mm and concrete strength of 23.5MPa, the residual tensile strength after two million of load cycles was increased by 27% compared with the static tensile strength without cyclic loadings. The maximum and minimum stress ratio was 0.75 and 0.11 respectively with loading speed of 10Hz.
The residual bond strength between deformed bar and concrete after cyclic loadings was found in Rehm and Eligehausen (1979) . With the rebar diameter of 14 mm, embedded length of 42 mm and concrete strength of 23.5MPa, the residual tensile strength after two million of load cycles was increased by 5% compared with the static tensile strength without cyclic loadings. The maximum and minimum stress ratio was 0.5 and 0.1 respectively with loading speed of around 1Hz.
Concrete cylinder specimen
This section reports the residual strength test results of the concrete cylinder specimens in order to obtain the very basic information of concrete under cyclic compressive stresses. Table 1 shows the mix proportion of concrete. The concrete was manufactured using gravel and sand produced in Shizuoka Prefecture and ordinary Portland cement with water to cement ratio of 0.59. Compressive strength of 35MPa was the target.
Outline of tests
The cylinder specimens were 10 cm in diameter and 20 cm long and were cast in steel molds. The specimens were demolded the next day, and were cured and sealed in aluminum bags at 30°C for 4 months to prevent further strength development during fatigue tests. After 4 months of curing, cylinder specimens were still kept in aluminum bags until those were submitted to tests. It took 3 months to finish all the tests. During cyclic loadings and residual strength tests, the specimens were exposed to an atmosphere in the testing laboratory. Table 2 shows the maximum stress ratios and number of load cycles before residual strength tests for each specimen. Three levels of the maximum stress ratios (0.75, 0.65 and 0.33) were considered in the fatigue tests. The minimum stress ratio was 0.05 and the loading speed was 5 Hz in all cases. Figure 1 shows test cases in terms of the number of load cycles and the maximum stress ratios in the S-N curves. During tests, the compressive strains were measured by two strain gages with a gage length of 9cm attached on the opposite side of cylinder specimens. The loads applied to specimens were also measured.
The maximum stresses were determined based on the compressive strength obtained from the static tests of the same cylinder specimens. In the tests described in Table 2 , the number of load cycles was applied to the cylinder specimens with constant amplitude and then residual compression tests were performed in order to investigate whether or not cyclic loadings reduce strength and stiffness of concrete. The number of load cycles before compression tests was set to be 1/10 and 1/100 of the fatigue life estimated from S-N curve of cylinder specimens under uniaxial compression as shown in Eq. (1) (Kishitani and Nishizawa 1987) . The number of load cycles was set at two million for the maximum stress ratio of 0.33 because the stress level of 0.33 was too low to expect fatigue failure within feasible time frame.
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where s：maximum stress ratio (Strass ratio to fatigue failure at number of load cycles of N) and N：fatigue life (number of load cycles to fatigue failure at the maximum stress ratio of s) Table 3 shows the list of results of residual compressive tests after cyclic loadings. The compressive strength was 37.3MPa, and the elastic modulus was varying between 31.1 kN/mm 2 and 34.4 kN/mm 2 from the compression tests without cyclic loadings. The fatigue life was evaluated to be 31,600 and all specimens exhibited fatigue failure for the maximum stress ratio of 0.75, and to be 2,000,000 and three specimens out of five exhibited fatigue failure for the maximum stress ratio of 0.65. The cylinder specimens that did not exhibit fatigue failure during cyclic loadings showed a larger average residual compressive strength than the compressive strength of specimens without cyclic loadings. The increase ratios are from 1% to 9%. These tendencies are similar to the previous research found in Ballatore and Bocca (1997) and Bocca and Crotti (2003) . The explanation of the phenomena can be also found in Ballatore and Bocca (1997) and Bocca and Crotti (2003) . The cyclic loadings reduce pore space to improve material compaction and strain hardening takes place. The cyclic loadings also decrease the stress peaks occurring in the material and redistribute stresses due to cyclic load induced creep. These might be the reasons of increase in strength and stiffness after cyclic loadings.
Test results
The average elastic moduli were subjected to little effects of cyclic loadings at the maximum stress ratio of 0.33, and were decreased as the number of load cycles increased at the maximum stress ratios of 0.65 and 0.75. Figure 2 shows the stress-strain relationships of the static test without cyclic loadings, the cyclic loadings and residual tests after cyclic loadings. The only representative cycles are shown for the cyclic loadings in Fig. 2 . The figure shows the tendency that the residual strength after cyclic loadings is higher than that in the static test without cyclic loadings. Even at the stress level of 0.33, there is inelastic compressive strain. This can be explained by cyclic load induced creep and material compaction. of the number of load cycles up to 1/100 of fatigue life at the maximum stress ratios of 0.65 and 0.75, it suddenly increases when the number of load cycles exceeds 1/10 of fatigue life. Increasing number of load cycles increase compressive strain, especially in cases with the same maximum stress levels. Compared with cases of the maximum stress levels of 0.65 and 0.75, compressive strains of the maximum stress levels of 0.65 are greater than those of the maximum stress levels of 0.75 because the number of load cycles of 0.65 cases is much larger than 0.75 cases. For cases with fatigue failure, the compressive strain might not be measured up to the last load cycles because the strain gage came off due to fatigue damages on the surface. In case of the maximum stress ratio at 0.33, the compression strain increases very gradually compared with cases of 0.65 and 0.75. Figure 4 shows the changes of the elastic modulus ratios with respect to the number of load cycles. The modulus ratios were obtained from the hysteresis curves of cyclic loadings. The stiffness of the cylinder specimens from the second hysteresis curve is higher than that the first hysteresis curve. Although the stiffness decreases as the number of load cycles increases, the rate of decreasing stiffness at the maximum stress ratio of 0.33 is very low compared with cases of 0.65 and 0.75.
Stud anchor specimen
This section reports the results of the residual strength tests conducted using the stud anchor specimens in order to establish the method for evaluating the soundness of equipment support against machine vibration.
It is preferable that the failure mode of the anchor section is not brittle fracture relating to concrete fracture but yielding of the anchor enabling the expectation of toughness. Therefore, the concrete of the stud anchor section seems to hardly be damaged by cyclic loadings under the long-term allowable tensile load during the normal operation of a nuclear power plant.
However, the pullout of anchors and the reduction of the anchor strength due to cyclic loadings may reduce rigidity of the equipment support, and is not preferable from the viewpoint of long-term soundness evaluation. Therefore, the cyclic tensile loadings with constant amplitude were applied to the stud anchor section specimens, and then static pull-out tests were performed in order to investigate the reduction of rigidity and anchor strength of the equipment support section due to cyclic loadings. Figure 5 shows a stud anchor specimen. No reinforcement was arranged in the cone region with an angle of 30° in reference to the top surface of the specimen so that the reinforcement doesn't disturb formations of conical cracks. The diameter of the headed stud anchor (material: JIS SCM435) was 19 mm, and the embedment depth of 90 mm was adopted so that the failure mode due to tensile load became the cone failure of concrete. Table 4 shows the mix proportion of concrete. The concrete was manufactured using gravel and sand produced in Shizuoka Prefecture and ordinary Portland cement with water to cement ratio of 0.6.
Outline of tests
The anchor specimens were cast in the wood form and cured at 20°C for one month and then cured at ambient Fig. 3 Changes of the compressive strains at the max. stresses with respect to the number of load cycles. Fig. 4 Changes of the elastic modulus ratios with respect to the number of load cycles. temperatures varying between 3°C and 28°C for 6 months to prevent further strength development during fatigue tests. The specimens were cured in sealed condition until those were submitted to tests. It took one month to finish all the tests. During cyclic loadings and residual strength tests, the specimens were exposed to an atmosphere in the testing laboratory. Compressive strength of 35MPa was the target, and the compressive strength was 32-33MPa at the test.
Conditions of tests
The maximum stress ratios of cyclic loading were set at 0.75, 0.65 and 0.22. The maximum tensile loads of 69.6 kN and 60.4 kN were corresponding to the cases of the maximum stress ratios of 0.75 and 0.65 based on the result of the static test of the specimen #7 (92.8 kN). The pullout strength of stud anchor is 60.6 kN when the cone angle of 45° is assumed according to Eq. (2) in AIJ (2010) . The definition of the cone angle is shown in Fig. 5 . The long-term allowable tensile load of the anchor is 20.2 kN that is 1/3 of the pullout strength of the stud anchor. Then, the case of the maximum stress ratio of 0.22 (the maximum load of 20.2 kN) was regarded as the case corresponding to the long-term allowable tensile load. The minimum stress ratio of 0.05 was adopted for all cyclic loadings. Loading speed of 5 Hz was adopted.
Since the influence of loading speed on fatigue strength is very small (Inoue et al. 1992) , the speed of 10 Hz was adopted only for the case of 10 million load cycles to reduce the test time. The pullout displacement of the stud anchor was measured by displacement transducers. The tensile loads applied to the anchor were also measured.
S-N curve of the stud anchor specimen can be found in Eligehausen et al. (2006) and was expressed in Eq. (3) in the same manner as Eq. (1).
where s：maximum stress ratio (strass ratio to fatigue failure at number of load cycles of N) and N：fatigue life (number of load cycles to fatigue failure at the maximum stress ratio of s) Table 5 shows the test results. Figure 6 shows the test results compared with S-N curves that are the same curves found in Fig. 1 (Kishitani and Nishizawa 1987; Eligehausen et al. 2006) . The S-N curve is a line graph obtained by linear regression with the vertical axis for ar- Static Test -92.8 The Max. load was determined from the stress ratio and static test of #7. The pullout strength of the headed stud anchor is 60.6kN according to (AIJ 2010) . The long-term allowable tensile load is 20.2kN, which is 1/3 of the strength from (AIJ 2010). The static test means static anchor strength without applying any cyclic loadings. ranging the maximum stress ratio and the horizontal axis for arranging the logarithm of load cycles, and is used for assessing fatigue life corresponding to the maximum stress ratio. Figure 6 shows the maximum stress ratio and the residual strength ratio against the static test of the specimen #7. In addition, the cyclic loading is expressed by the arrow in the X-direction and the residual anchor strengths are shown by the arrow in the Y-direction. All the residual anchor strength after cyclic loadings is equal or greater by up to 17% than the static strength of the specimen #7. This phenomenon has a tendency similar to the results of compression tests of cylinder specimens after cyclic loadings. It is considered according to Bocca and Crotti (2003) that there must be conical cracking surface will be developed by pulling stud anchor and that the stress singularities in crack tips may be decreased and redistribution of stress occur due to cyclic loading induced creep. In this way, the residual anchor strength might be greater than the static strength without any cyclic loadings. The residual anchor strength is getting greater with increasing number of loading cycles.
Test results
Figures 7 and 8 show the results of tests of the specimen #3 at the maximum stress ratio of 0.65 (the number of load cycles of 719,413). In this case, the inelastic displacement is observed from the first cycle as shown in the load-displacement relationship and the pullout displacement of stud anchor monotonously increases as the number of load cycles increases. The inelastic displacement of stud anchor of 0.5 mm is remained in the end of load cycles. The residual anchor strength and the pullout displacement at peak load after cyclic loadings are greater than those of the static test of the specimen #7.
Figures 9 and 10 show the test results of the specimen #1 at the maximum stress ratio of 0.75. In this case, the inelastic displacement is also observed from the first cycle as shown in the load-displacement relation and the pullout displacement of the anchor monotonously increases as the number of load cycles increases. Although cyclic loadings stopped just before fatigue failure judging from the progress of the pullout displacement, the residual strength of the stud anchor was still higher than the static strength of the specimen #7. The inelastic displacement of 1.1mm was remained and the displacement at the peak load is higher than that of the static test of the specimen #7. In  Fig. 9 , the stiffness of residual anchor strength is greater than the last hysteresis curve of cyclic loading. The reason might be recovery of remaining strain occurring in 15 hours of rest period between the cyclic loadings and the residual strength test. The same kind of strain recovery of plain concrete can be found in Bennett and Muir (1967) .
In case of the maximum stress ratios of 0.65 and 0.75, although the anchor strengths after cyclic loadings are higher than the static strength of the specimen #7, the pullout displacement monotonously increases as the number of load cycles increases, which might cause the reduction in the rigidity of the equipment support section. Figures 11 and 12 show the results of tests of the specimen #2 at the maximum stress ratio of 0.22 (load cycles of 10 million). In this case, no inelastic displacement is observed in the load-displacement relationships in spite of a large number of load cycles, and moreover the load-displacement relationships up to 40kN is similar to that of the static test of the specimen #7.
The anchor specimen was designed so that cone failure of concrete occurred when tensile loads are applied. The cone angle is approximately 35° on average according to Eligehausen et al. (2006) . In these tests, the some concrete cones were broken into two to four pieces. It seems that the cone angle became smaller when conical cracking surface is extended outward with increasing number of load cycles. When pullout displacement is increased at residual strength test, the concrete cone might be broken into pieces because bending moment might be generated between pullout of anchor and unseparated periphery of the concrete cone. When the maximum stress ratio is less than the long-term allowable tensile load defined by (AIJ 2010), the pullout displacement of the anchor is not observed at all even if subjected to load cycles up to 10 million. Then, it is considered that no reduction of rigidity and strength will be observed in the anchor section.
The intercept of the X-axis of the fatigue strength formula of the anchor shown in Fig. 6 demonstrates that fatigue failure occurs at the number of load cycles of 10 20 even if the maximum stress ratio is zero. This is not realistic. However, according to Bennett (1967) concrete has no fatigue limit under 10 million of load cycles differing from steel materials. The fatigue limit of concrete wasn't confirmed in the tests also. It is impossible to set fatigue limit for concrete. However, it might be reasonable to employ S-N curve for predicting fatigue life of the equipment support if S-N curve is extrapolated in the region of load cycles more than 10 million as shown in Fig. 6 .
For example, the turbine generator at 60Hz region in Japan will generates load cycles of 5.68 x 10 10 for 60 years of operation. If the stress level is 0.22 equal to the long-term allowable tensile load level, the fatigue life of the equipment support of would be 3.98 x 10 15 , which is much greater that of turbine support explained the above. In this way, soundness of equipment support can be accessed.
Summary
The residual compressive strength tests are performed on cylinder specimens with the number of load cycles and the maximum stress ratio as parameters. The residual strength of cylinder specimens after cyclic loadings is higher by 1% to 9% than the static strength without cyclic loadings. The stiffness of the cylinder specimens from the second hysteresis curve is higher than that the first hysteresis curve. The stiffness decreases as the number of load cycles increases. The compressive strain of cyclic loadings is proportional to logarithm of the number of load cycles up to 1/100 of fatigue life, it suddenly increases when the number of load cycles exceeds 1/10 of fatigue life. Increasing number of load cycles increase compressive strain, especially in cases with the same maximum stress levels.
The residual strength tests are performed on headed stud anchor specimens with the number of load cycles and the maximum stress ratio as parameters. All the residual anchor strength after cyclic loadings is equal or greater by up to 17% than the static strength without cyclic loadings. The residual anchor strength is getting greater with increasing number of loading cycles.
In case of the maximum stress ratios of 0.65 and 0.75, although the anchor strengths after cyclic loadings are higher than the static strength without cyclic loadings, the pullout displacement increases monotonously as the number of load cycles increases.
In case of the maximum stress ratio of 0.22, the anchor strengths after cyclic loadings are higher than the static strength without cyclic loadings and no residual displacement is observed in the load-displacement relationships in spite of a large number of load cycles and furthermore the load-displacement relationships of the residual strength tests is similar to that of the static test without cyclic loadings.
The results of residual strength tests of anchor specimens after cyclic loadings revealed that no reduction of rigidity and anchor strength is observed in the anchor section if the maximum load is not more than the long-term allowable tensile load. 
